Abstract: A new GaN light-emitting diode (LED) structure, which has a 300-nm aluminum-doped zinc oxide transparent current spreading layer epitaxial layer grown on a standard GaN LED epistack used in commercial GaN LED products, shows improved power vs. voltage (P-V) linearity and is suitable for high-data rate visible light communication. Experimentally, a single GaN-based blue LED with a mesa diameter of 150 m and a maximum optical power of 42 mW demonstrates a 3-Gb/s free-space data transmission speed. The modulation bandwidth reaches 600 MHz under the present experimental setup. The present work proves the practicability of enhancing the LED's free-space data transmission ability through a P-V linearity improvement at the chip level.
Introduction
GaN-based light emitting diodes (LEDs), featured by high power efficiency, long lifetime, and quick frequency response, exhibit great potentials to achieve illumination and high-speed freespace visible light communication (VLC) simultaneously [1] , [2] . However, the LED-based VLC system faces several challenges [3] , [4] . A well-known bottle-neck is the small modulation bandwidth of commercial power-type LEDs, i.e., only several MHz. Significant research efforts have been directed to deal with the bandwidth-limited LEDs in VLC systems. Yeh et al. increased the total data rate in phosphor-LED VLC wireless system by dividing the OFDM into multiple bands and supplying them to different LED chips [5] . Through adjusting the number of OFDM subcarriers and using equalization in OFDM, Chow et al. circumvented the background optical noises and enhanced the capacity of the bandwidth-limited LED optical wireless communication link [6] .
Theoretically, the −3 dB modulation bandwidth of LEDs is limited by the diode capacitance and minority carrier lifetime. Therefore, one research direction is to decrease the chip size to below 100 m, moving an LED from operating in the diode-capacitance limited region to the lifetime limited region. As a result, the light output power was sacrificed. Liao et al. reported a 463 MHz LED at 500 nm with an aperture diameter of 75 m, which was the highest −3 dB bandwidth of non-encapsulated GaN-based LEDs [7] . The 75 m LED exhibited an output power of 1.6 mW at 50 mA. No further information on its communication capability was given.
Based on a single 50 m blue LED without encapsulation, Tsonev et al. demonstrated a 3 Gb/s OFDM-based free-space VLC system at a transmission distance of 5 cm [8] . The LED exhibited a −3 dB bandwidth of 60 MHz and an optical power of 4.5 mW. Another research direction is to shorten carrier lifetime through heavily doping the active region, the Purcell effect, tilting the charges in LEDs, incorporating a micro-cavity in an LED (i.e., resonant cavity LED, RCLED), etc. [9] , [10] , where the optical power was also sacrificed greatly.
The −3 dB bandwidth is not the only factor limiting the VLC data transmission capability. Under the spectrally efficient analog modulation schemes [11] , [12] , the non-linearity characteristics of commercial LEDs generates issues like amplitude distortion and signal clipping. Circuit components for equalization need to be tailored to individual LEDs, which increases the complexity of VLC systems, especially for large scale LED based lighting systems. Furthermore, if the required modulation bandwidth is very broad, for example, over 500 MHz, general distortion compensation circuit techniques, such as pre-distortion and feed-forward, are not necessarily effective. It is also difficult to use in the wide bias-and temperature-regions. Such broadband devices need distortion reduction at a chip level.
In this paper, we propose to enhance the free-space data transmission ability of LEDs from a different approach: improving the non-linearity of LEDs. Without using pre-equalization, a single power-type LED can provide 3 Gb/s at high optical powers.
Experimental Details

LED Chip Design and Fabrication
A commercialized LED structure is grown by metal-organic chemical vapor deposition (MOCVD) on patterned c-plane sapphire substrate, which consists of an AlN nucleation layer, an un-intentionally doped GaN (u-GaN) buffer layer, an n-GaN layer, InGaN/GaN multiple quantum wells (MQWs), an AlGaN current blocking layer, a p-type GaN layer and a 3 nm u-InGaN layer. Then, the wafer is transferred to another MOCVD system (MD 600 A 38 Â 2"MOCVD). A 300 nm-thick aluminum-doped zinc oxide ðn þ À ZnOÞ transparent current spreading layer (i.e., AZO-TCL) is grown epitaxially on the top of the contact layer by a developed two-step process.
During the chip fabrication process, we first pattern the AZO by diluted HCl solution after standard photolithography. Then, inductively coupled plasma etching (ICP) is used to define the mesa. The designed LED chips have a circular mesa, i.e., 150 m in diameter, as shown in Fig. 1(a) . The AZO-TCL has a little smaller diameter ð$134 mÞ than the mesa. Finally, a Cr/Pd/Au (20/40/400 nm) stack layer is deposited as p-and n-type electrodes by electron beam (EB) evaporation and metalized by rapid thermal annealing at 200°C in N 2 ambient for 2 minutes.
Similar as commercial fabrication process, the LEDs are thinned down to 100 m after grinding and polishing. Then, LED chips are diced from the wafer with an area of 300 m Â 210 m by laser. Each single LED chip is bonded on a commercial pre-plated leadframe package (5730#) through white glue. After wire bonding and silicone encapsulating, the packaged LED devices are soldered on a printed circuit test board by the surface mounting technique. On the back side of the test board, standard SMA connectors are used for electrical transmission, as shown in Fig. 1(b) . The packaged LEDs are denoted as 150 m AZO-LED in the following parts.
Experimental Set-Up
A transmitter-receiver VLC system is set up, as shown in Fig. 2 . The frequency responses of LEDs are measured by a network analyzer (Agilent N5230C: 10 MHz-40 GHz). An orthogonal frequency division multiplexing (OFDM) scheme is developed to demonstrate the communication capability of the designed LEDs. At the transmitter side, the incoming binary sequences are modulated using quadrature amplitude modulation (QAM) format and then sent into the OFDM encoder. The inverse fast Fourier transform (IFFT) is employed to generate QAM-OFDM signal. In this experiment, the QAM-OFDM signal consists of 128 subcarriers, and the up-sample factor is 3. Therefore, the utilized IFFT size is 128 Ã 3 ¼ 384. The cyclic prefix (CP) at the length of 1/16 symbol is added. The QAM-OFDM signal is generated by an AWG (Tektronix AWG710) at the sampling rate of 1.8 GS/s, and the modulation bandwidth is 600 MHz (from 18.75 MHz to 618.75 MHz). No pre-equalization operation is done on the signals. At the receiver side, a high-speed silicon PIN detector (New port 818-BB-21A, gain ¼ 1) is used, and the detected signal is recorded by the oscilloscope (OSC, Agilent 54855A: 6 GHz bandwidth) at 2 GS/s sampling rate. Then, the signal is down-sampled, CP moved, and FFT. A 10% training symbol is used for zero-forcing channel equalization. In order to reduce the multipath attenuation effects and test the real performances of LEDs, the distance between the transmitter and the receiver is fixed at 5 cm. To simplify the system's optics for practical applications, the system adopts no microscope objective to collimate the light beams from the emitter.
Results
Since present OFDM VLC systems work as an intensity-modulation/direct-detection (IM/DD) system and the sent/received signals are all voltage types, the linearity of the optical power vs. voltage (P-V) affects the signal distortion. Fig. 3(a) shows the measured optical power as a function of the DC bias for the 150 m AZO-LED. A good linearity from 3.4 V to 5.7 V is obtained with a slope of 15.8 mW/V before optical saturation. Such a broad linear range, especially good for OFDM modulation that has a high peak-to-average power ratio (PAPR), can improve the modulation depth and further improve the signal to noise ratio (SNR). For comparison, the optical power of a commercial blue LED with a size 1 mm 2 approaches saturation quickly from 2.6 V to 4.0 V, as seen in Fig. 3(b) . Linear fittings are conducted on the measured P-V data by means of the least square method. The goodness of linear fitting is evaluated by standard error. The standard error is defined as the square root of the average of the sum of squares of the Deviation-value between experiment data and fitting data. The larger the standard error is, the greater the discrete degree of the point is, and the worse the quality of linear fitting is. The 150 m AZO-LED presents a standard error 0.584 mW, while the commercial LED has a very large standard error 23.8 mW.
The MOCVD grown AZO-TCL is confirmed to have an epitaxial-like excellent interface with the u-InGaN contact layer by high-resolution transmission electron microscopy and electron backscatter diffraction (EBSD) elsewhere [13] . The excellent interface is expected to decrease the noises related with carrier trapping/de-trapping and scattering at high current densities. Besides, wurtzite GaN and ZnO exhibit giant polarization fields in the <0001> crystal direction. The thin strained u-InGaN layer between p þ -GaN and n þ -ZnO epilayer (i.e. AZO-TCL) will lead to the formation of a dipole of fixed sheet charges at the p þ -GaN/u-InGaN and u-InGaN/n þ -ZnO hetero-junctions. The polarization sheet charge densities are asymmetric at the two heterojunctions, which will modify the band diagram to assist tunneling processes. The quantitative experimental results and analyses will be discussed in another paper. Here, only a schematic band diagram of the p þ -GaN/u-InGaN/n þ -ZnO sandwich structure is given in Fig. 3(c) . On the other hand, the MOCVD grown AZO-TCL is expected to be an alternative of tin-doped indium oxide (ITO) in GaN-based LEDs for mass production. The turn-on voltage of the 150 m AZO-LED is 2.80 V@1 mA. Experimentally, the maximum DC bias current the fabricated AZO-LEDs can sustain is 180 mA, beyond which the optical power will saturate, as shown in Fig. 4(a) . Fig. 4(b) plots the evolution of the peak wavelength and the full width at the half maximum (FWHM) with the DC bias currents for the fabricated AZO-LEDs. The peak wavelength of the LED presents blue-shift firstly and then red-shift. The blue shift of peak wavelength with the increase of bias currents is due to the band filling effect of carriers. The injection of large quantity of carriers into the MQWs will shield the built-in electric field, thus flattening the band tilt. With more and more carriers being injected into the quantum wells, quantum states at higher energy levels will be occupied, leading to a blue shift of peak wavelength. When the bias current increases further, self-heating effects will become dominated, which results in the red-shift of peak wavelength [14] . The turning point appears at around 60 mA $ 80 mA. On the other hand, the FWHM increases monotonically, because quantum states in a larger energy range are occupied. The highest optical power is around 42 mW with the peak wavelength being ∼445 nm. If the device structure is optimized, for example, adding a high reflective layer on the sapphire substrate and carrying out advanced secondary optics designs to improve output efficiency and light distribution, the optical power can be increased further. Fig. 5(a) depicts the normalized frequency response of the 150 m AZO-LED. To highlight the frequency response at low frequency, semi logarithmic coordinates are used. In general, the −3 dB modulation bandwidth will increase monotonically with the bias current [15] . In the present work, as can be seen from the inset of Fig. 5(a) , the measured −3 dB bandwidth increases from 15.9 MHz to 25.8 MHz when the bias current changes from 20 mA to 120 mA, which is smaller than those reported values of LEDs, but the −3 dB modulation bandwidth can't represent the real communication capability of LEDs. The commercial network analyzer sweeps the frequency and records the corresponding forward transmission coefficient (S21) by calculating the log-ratio of the input and output signals. The network analyzer can only characterize the peak-to-peak electrical power of signals, failing to consider the saturation of LEDs operating at high currents and failing to tell the distortion of the signals. For example, when the bias current is larger than 100 mA, the optical power rises gradually, but the cut-off distortion comes gradually (see Fig. 4(a) ). Therefore, the detected peak-to-peak electrical power of signals will attenuate more slowly with the increase of frequency, resulting in a rapid increase of −3 dB bandwidth. The real free space communication capabilities of the fabricated 150 m AZO-LEDs are demonstrated. In the experiment, 600 MHz 32QAM OFDM signals are applied to a single 150 m AZO-LED. The peak-to-peak voltages ðV pp Þ of modulating signals are set at 0.6 $ 0.8 V to utilize the full dynamic range of the AZO-LEDs. The measured bit-error-rates (BER) versus the bias currents are drawn in Fig. 5(b) . A 3 Gbit/s speed is successfully achieved in a wide operation range under a pre-forward-error-correction (pre-FEC) threshold of 3:8 Â 10 À3 . Fig. 5(b) also shows that the BER decreases gradually as the bias current increases from 40 mA to 80 mA. The reason shall lie in the increased −3 dB bandwidth, the improved SNR, and the non-serious self-heating in the LED. However, when the bias current further increases from 80 mA to 120 mA, the BER rises gradually. This shall attribute to the self-heating effect in the LED, which becomes more serious and results in the red-shift; see Fig. 4(b) . Besides, the optical power approaches saturation gradually; see Fig. 4(a) . As a consequence, the distortion signals detected by the PIN detector and the thermal noises accompanying the self-heating lead to an increase of BERs. We plan to carry out a deep study on the effect of thermal noises in LEDs on the VLC performances in the next step systematically.
The electrical spectra of the received signals measured by spectrum analyzer HP8562A at the bias current 80 mA are depicted in Fig. 6(a) . The superbly flat electrical spectra extending over 600 MHz are obtained, which promises good performances of the proposed LED in the VLC system. If the frequency response curves in Fig. 5(a) are depicted by linear coordinates, they will exhibit a similar trend as that in [16] . The signal-to-noise ratios (SNR) of the subcarriers are drawn in Fig. 6(b) . Generally, the SNRs of subcarriers at low frequency are higher than those at high frequency. The higher the frequency of the subcarrier is, the greater the attenuation will be. Therefore, the SNRs of subcarriers droop rapidly from the 25 subcarrier to the 128 subcarrier, but the SNRs of the 1-15 subcarriers are relatively low, which shall be due to the influences of background low frequency noises and some direct current components. Thus, the SNRs of the 15-25 subcarriers are relatively higher than others. The average SNR of the subcarriers is 20.89 dB, which indicates that based on the fabricated 150 m AZO-LED, a significantly higher data rate and lower BER could be achieved if the more advanced modulation scheme is employed in the OFDM based VLC system.
The better linearity in a broad voltage range of the designed 150 m AZO-LED mainly contributes to the obtained 600 MHz modulation bandwidth and 3 Gb/s speed under the condition of no pre-equalization scheme. To explore preliminarily the reasons for linearity improvement, the differential resistances ðR d Þ of the designed 150 m AZO-LED and the commercial LED are calculated from their electrical current vs. voltage (I-V) curves and compared in Fig. 7 . The former presents a higher R d than the latter. In particular, within the working voltage range, the R d of 150 m AZO-LED decreases gradually by a non-linear rule, which may well compensate for the typical non-linearity I-V of a diode. However, since the impedance of LED changes with the frequency, the static R d cannot represent the performances at high frequencies. The static R d is provided here just for references. Furthermore, using the standard error of P-V data's linear fitting to quantify the goodness of linearity for a LED working in a wide frequency range maybe not very accurate. Evaluating the linearity of LEDs through a two-tone test method shall provide more insights on improving LED's design for higher linearity and conducting impedance matching of the transmitter, which will be tried in our future research.
Finally, while the electrical lines and the equipments used in the experimental set-up all satisfy 50 impedance matching, the impedance matching of the transmitter (i.e., LED) is not considered here. In addition, the circuit and packaging parasitic affects the LED bandwidth greatly. Further work is underway to investigate the packaging technique to pursue better impedance matching.
Conclusion and Remarks
In summary, a single 150 m AZO-LED with a maximum optical power of 42 mW is designed and fabricated, offering a 3 Gb/s free space data transmission speed. No pre-equalization techniques are used, and the packaged LEDs are mass-production permissive. The good P-V linearity of LEDs in a broad range shall contribute to the obtained high speed, because the sent/ received signals of present LED VLC systems are voltage types. The present work is not intended to explore the true potential of the system, but to prove that the free-space data transmission ability of LEDs can be enhanced from a different approach: improving the nonlinearity of LEDs at the chip level. The electrical connection and packaging structure can be further optimized to improve the communication and illumination performances simultaneously.
